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ABSTRACT
Systems of close-in super-Earths and mini-Neptunes display striking diversity in plan-
etary bulk density and composition. Giant impacts are expected to play a role in the
formation of many of these worlds. Previous works, focused on the mechanical shock
caused by a giant impact, have shown that these impacts can eject large fractions
of the planetary envelope, offering a partial explanation for the observed spread in
exoplanet compositions. Here, we examine the thermal consequences of giant impacts,
and show that the atmospheric loss caused by these effects can significantly exceed
that caused by mechanical shocks for hydrogen-helium (H/He) envelopes. Specifically,
when a giant impact occurs, part of the impact energy is converted into thermal
energy, heating the rocky core and the envelope. We find that the ensuing thermal
expansion of the envelope can lead to a period of sustained, rapid mass loss through
a Parker wind, resulting in the partial or complete erosion of the H/He envelope. The
fraction of the envelope mass lost depends on the planet’s orbital distance from its
host star and its initial thermal state, and hence age. Planets closer to their host
stars are more susceptible to thermal atmospheric loss triggered by impacts than ones
on wider orbits. Similarly, younger planets, with rocky cores which are still hot and
molten from formation, suffer greater atmospheric loss. This is especially interesting
because giant impacts are expected to occur 10−100 Myr after formation, at a time
when super-Earths still retain significant internal heat from formation. For planets
where the thermal energy of the core is much greater than the envelope energy, i.e.
super-Earths with H/He envelope mass fractions roughly less than 8 per cent, the
impactor mass required for significant atmospheric removal is Mimp/Mp ∼ µ/µc ∼ 0.1,
approximately the ratio of the heat capacities of the envelope and core. In contrast,
when the envelope energy dominates the total energy budget, complete loss can occur
when the impactor mass is comparable to the envelope mass.
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1 INTRODUCTION
A major discovery of the Kepler mission is the high abun-
dance of planets intermediate in size between the Earth and
Neptune with orbital periods less than 100 days (e.g. Borucki
et al. 2011; Fressin et al. 2013; Petigura et al. 2013; Morton
et al. 2016). These super-Earths and mini-Neptunes have no
obvious solar system analog. Models of exoplanet structure
and measurements of the bulk densities of these planets sug-
gest that many possess hydrogen-helium (H/He) envelopes
comprising several per cent of the planet’s total mass (e.g.
? Email: jo22395@mit.edu
Adams et al. 2008; Weiss & Marcy 2014; Lopez & Fortney
2014; Rogers 2015).
The accretion and evolution of super-Earth H/He en-
velopes has been studied extensively and can be broadly de-
scribed by a three step process. First, planetary cores accrete
their H/He envelopes from the protoplanetary nebula (e.g.
Lee & Chiang 2015; Ginzburg et al. 2016); second, the loss of
pressure support from the surrounding nebula can lead the
initially thermally inflated envelope to shed its outer layers,
causing significant mass loss (Owen & Wu 2016; Ginzburg
et al. 2016); and third, photoevaporation by high energy
stellar radiation and the luminosity of the cooling core can
erode the atmospheres of close-in planets (e.g. Lopez et al.
© 2018 The Authors
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2012; Owen & Wu 2013; Lopez & Fortney 2013; Jin et al.
2014; Ginzburg et al. 2018).
Although these processes successfully explain the ob-
served valley in the distribution of small planet radii between
1.5−2R⊕ (Fulton et al. 2017; Fulton & Petigura 2018; Owen
& Wu 2017; Ginzburg et al. 2018), the exoplanet popula-
tion displays more compositional diversity than predicted by
these processes alone (see Figure 1 and Figure 6 in Schlicht-
ing (2018)), suggesting additional mechanisms are at work.
This is particularly the case for planets on orbits outside
of ∼45 days, where photoevaporation and core cooling are
less effective, and in multi-planet systems that host plan-
ets with dramatically different mean densities (Inamdar &
Schlichting 2016).
One candidate process for altering planetary bulk den-
sities is giant impacts. Giant impacts are believed to be the
last major assembly stage in the formation of the terrestrial
planets in our solar system (e.g. Chambers 2001), and may
also play a role in the formation of super-Earths (Hansen &
Murray 2013; Inamdar & Schlichting 2015). Impacts, par-
ticularly those which occur after the dissipation of the gas
disc, may significantly reduce the H/He envelopes of plan-
ets, or strip the cores entirely (Inamdar & Schlichting 2015;
Schlichting et al. 2015; Liu et al. 2015; Inamdar & Schlicht-
ing 2016).
These late giant impacts may be a common occurrence
during the formation of super-Earth systems because these
planets form in the presence of the gas disc. The disc’s dy-
namical interaction with the planets is expected to result
in migration and efficient eccentricity damping, producing
densely packed planetary systems. Once the gas disc dissi-
pates and its damping effect is removed, these systems may
not remain dynamically stable as the planets’ eccentricities
increase through secular excitation, possibly resulting in or-
bit crossing and giant impacts before regaining long-term
orbital stability (Cossou et al. 2014; Izidoro et al. 2017;
Denham et al. 2018). Because of the stochastic nature of
giant impacts and the small number of impacts expected
per system, atmospheric loss through late impacts may offer
an especially attractive explanation for the compositional
diversity observed among planets in the same system. In
this paper, we return to the role of giant impacts in driving
volatile loss from super-Earths and mini-Neptunes.
During a giant impact, the impactor is sharply decel-
erated and its kinetic energy is converted into heat which
is deposited at the impact site, creating an event akin to a
point-like explosion. This causes a strong shock that propa-
gates through the planet and causes global ground motion,
launching a shock into the planet’s envelope. A series of pre-
vious studies of giant impacts have focused on the ejection of
the atmosphere by this hydrodynamic shock (Genda & Abe
2003; Schlichting et al. 2015; Inamdar & Schlichting 2016).
In addition, Liu et al. (2015) investigated volatile loss in two
specific giant impact scenarios using 3D numerical simula-
tion. They find that giant impacts can lead to significant
loss of volatiles and point out that the atmospheric loss in
their simulation is likely further enhanced by Parker winds
and photoevaporation of the thermally inflated post-impact
envelope.
In the case of H/He envelopes, the heating of the core
during an impact can lead to significant mass loss. Heat
from the core is transferred to the envelope, either directly
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Figure 1. Bulk densities (ρ) of observed Kepler planets in multi-
planet systems with radii <4R⊕ as a function of orbital period
(Porb) in the top panel, and total planet mass (Mp) in the bottom
panel, after Inamdar & Schlichting (2016). Red and blue circles
highlight Kepler-36 and Kepler-68, respectively, two multi-planet
systems with significant density contrast between planets. The
transparency indicates the fractional uncertainty in the density,
with darker points corresponding to greater certainty. In cases
where the planet mass and radius are not provided in the same
analysis, the uncertainty on the density is left undefined (N/A)
and only an empty circle is plotted. Values are taken from the
Composite Kepler planets table at the NASA Exoplanet Archive
(June 2018).
unbinding it, or leading to significant thermal expansion and
gradual mass loss via Parker winds. In this paper, we focus
specifically on the thermal aspect of giant impacts, exam-
ining the energy of the impact, the thermal inflation of the
H/He envelope after the impact, and the subsequent atmo-
spheric loss. We demonstrate that the thermal component of
the atmospheric loss can dominate the loss caused by shocks
for H/He atmospheres and that it may partly explain the ob-
served compositional diversity in super-Earth systems. This
paper is structured as follows: we begin with a model for
the structure and evolution of a super-Earth envelope and
core in Section 2, calculate the atmospheric mass loss in a
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range of impact scenarios in Section 3, and conclude with a
discussion in Section 4.
2 ENVELOPE STRUCTURE AND
EVOLUTION
Giant impacts deposit significant energy into a planet’s core
and envelope, leaving the envelope in a thermally inflated
state which can be highly susceptible to hydrodynamic es-
cape (Figure 2). The exact rate of mass loss from the plan-
etary envelope is determined by the atmospheric density at
the outer edge of the envelope, where gas molecules are only
tenuously gravitationally bound to the planet. This outer ra-
dius, Rout, is the lesser of the Bondi radius, RB = 2GMp/c2s ,
and the Hill radius, RH = a
(
Mp/(3M∗)
)1/3
, where G is the
gravitational constant, Mp is the planet mass, M∗ is the stel-
lar mass, a is the semimajor axis of the planet’s orbit, and
cs is the sound speed of the gas. To determine the den-
sity at this radius, we first develop a simple model of the
planet’s envelope and core appropriate for conditions fol-
lowing a large impact. We then consider the evolution of
this structure as the planet sheds mass, cools, and contracts
to determine the total mass lost from the envelope.
2.1 Envelope structure model
We model the planet’s envelope as an inner convective re-
gion with an adiabatic profile, and an outer radiative layer
with an isothermal profile (see Rafikov 2006; Piso & Youdin
2014; Inamdar & Schlichting 2015; Ginzburg et al. 2016).
In all the cases we consider here, the mass of the planet is
dominated by the mass of the rocky core, so that Mp ∼ Mc .
Neglecting, therefore, the self-gravity of the envelope, the
density, pressure, and temperature in the convective portion
of the envelope are given by
ρ
ρb
=
[
γ − 1
γ
Λ
(
Rc
r
− 1
)
+ 1
] 1
γ−1
, (1)
P
Pb
=
[
γ − 1
γ
Λ
(
Rc
r
− 1
)
+ 1
] γ
γ−1
, (2)
T
Tb
=
γ − 1
γ
Λ
(
Rc
r
− 1
)
+ 1, (3)
where Rc is the core radius, r is the distance from the centre
of the core, and γ is the adiabatic index of the envelope.
We define Λ as approximately the ratio of the gravitational
potential and kinetic energies of a gas particle at the base
of the envelope, Λ ≡ GMcµ/(RckBTb), where µ is the mean
molecular weight of the envelope and kB is the Boltzmann
constant. The density, pressure, and temperature at the base
of the envelope are ρb, Pb, and Tb, respectively.
At large enough radii, the atmospheric density decreases
to the point that the envelope becomes radiative. In this
region, the envelope is nearly isothermal with a temperature
which is approximately the equilibrium temperature:
Teq =
(
1 − AB
4
)1/4 √R∗
a
T∗, (4)
where AB is the Bond albedo, R∗ is the stellar radius, and
T∗ is the star’s effective temperature. Assuming the enve-
lope outside this radiative-convective boundary (RCB) to
be completely isothermal, the density profile of the envelope
becomes exponential,
ρ = ρrcb exp
[
Rrcb
h
(
Rrcb
r
− 1
)]
, (5)
with a scale height h = kBTeqR2rcb/(GMpµ), where r = Rrcb is
the radius of the radiative-convective boundary and ρrcb =
ρ(Rrcb). The pressure is then, using the ideal gas law, P =
ρkBTeq/µ.
The mass in the convective region of the envelope is
given by integrating Equation (1):
Menv =
∫ Rrcb
Rc
4pir2ρb
[
γ − 1
γ
Λ
(
Rc
r
− 1
)
+ 1
] 1
γ−1
dr (6)
= 4piρb
γ − 1
4 − 3γ R
3
c(∇adΛ)
1
γ−1
×
[
2F1
(
θm;
∇adΛ − 1
∇adΛ
)
−
(
Rc
Rrcb
) 4−3γ
γ−1
2F1
(
θm;
∇adΛ − 1
∇adΛ
Rrcb
Rc
) (7)
where 2F1 is the ordinary hypergeometric function, θm =
[(3γ − 4)/(γ − 1),−1/(γ − 1); (4γ − 5)/(γ − 1)], and ∇ad ≡ (γ −
1)/γ. The energy of the envelope is determined from the
gravitational and thermal energies, Eenv = Eg + Eth, where
the gravitational energy for a non-self-gravitating envelope
is
Eg = −4piGMcρb
∫ Rrcb
Rc
[
∇adΛ
(
Rc
r
− 1
)
+ 1
] 1
γ−1
rdr (8)
= −4piGMcρbR2c
(
γ − 1
3 − 2γ
)
(∇adΛ)
1
γ−1
×
[
2F1
(
θg;
∇adΛ − 1
∇adΛ
)
−
(
Rc
Rrcb
) 3−2γ
γ−1
2F1
(
θg;
∇adΛ − 1
∇adΛ
Rrcb
Rc
) , (9)
where θg = [(2γ − 3)/(γ − 1),−1/(γ − 1); (3γ − 4)/(γ − 1)].
And the thermal energy is
Eth =
4piρbTbkB
µ(γ − 1)
∫ Rrcb
Rc
[
γ − 1
γ
Λ
(
Rc
r
− 1
)
+ 1
] γ
γ−1
r2dr (10)
=
4piρbTbkBR3c
µ(γ − 1)
(
γ − 1
3 − 2γ
)
(∇adΛ)
γ
γ−1
×
[
2F1
(
θth;
∇adΛ − 1
∇adΛ
)
−
(
Rc
Rrcb
) 3−2γ
γ−1
2F1
(
θth;
∇adΛ − 1
∇adΛ
Rrcb
Rc
) , (11)
where θth = [(2γ − 3)/(γ − 1),−γ/(γ − 1); (3γ − 4)/(γ − 1)]. In
cases considered in this paper, when Tb significantly exceeds
Teq, most of the envelope’s mass is in the inner convective
region. Ignoring the mass in the isothermal layer, the atmo-
spheric structure is then entirely determined by the envelope
mass (Equation 7) and the envelope energy.
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Mc
<latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit><latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit><latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit><latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit>
Mc
<latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit><latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit><latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit><latexit sha1_base64="5QMLO HPmqnZbqcShD0Tdmwmpu84=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69L Bahp5KIUI8FL16EivYD2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdv moK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbL Jax7gbUcCkUb6FAybuJ5jQKJO8Ek5u533ni2ohYPeI04X5ER0qEglG 00sPdgA3KFbfmLkDWiZeTCuRoDspf/WHM0ogrZJIa0/PcBP2MahRM8 lmpnxqeUDahI96zVNGIGz9bnDojF1YZkjDWthSShfp7IqORMdMosJ0 RxbFZ9ebif14vxfDaz4RKUuSKLReFqSQYk/nfZCg0ZyinllCmhb2Vs DHVlKFNp2RD8FZfXifty5rn1rz7q0qjmsdRhDM4hyp4UIcG3EITWs BgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wcOJI2N</latexit>
vimp
<latexit sha1_ base64="Y/v5pKidBA8AJhq+orF nXDRCdFw=">AAAB9XicbVDLSgMx FL1TX7W+Rl26CRahqzIjgi4Lblx WsA9ox5JJM21okhmSTKUM/Q83Lh Rx67+482/MtLPQ1gOBwzn3ck9Om HCmjed9O6WNza3tnfJuZW//4PDI PT5p6zhVhLZIzGPVDbGmnEnaMsx w2k0UxSLktBNObnO/M6VKs1g+m FlCA4FHkkWMYGOlx+mgL7AZK5Ex kcwHbtWrewugdeIXpAoFmgP3qz+ MSSqoNIRjrXu+l5ggw8owwum80k 81TTCZ4BHtWSqxoDrIFqnn6MIqQ xTFyj5p0EL9vZFhofVMhHYyz6hX vVz8z+ulJroJMiaT1FBJloeilCM To7wCNGSKEsNnlmCimM2KyBgrTI wtqmJL8Fe/vE7al3Xfq/v3V9VGr aijDGdwDjXw4RoacAdNaAEBBc/w Cm/Ok/PivDsfy9GSU+ycwh84nz8 7A5Lk</latexit><latexit sha1_ base64="Y/v5pKidBA8AJhq+orF nXDRCdFw=">AAAB9XicbVDLSgMx FL1TX7W+Rl26CRahqzIjgi4Lblx WsA9ox5JJM21okhmSTKUM/Q83Lh Rx67+482/MtLPQ1gOBwzn3ck9Om HCmjed9O6WNza3tnfJuZW//4PDI PT5p6zhVhLZIzGPVDbGmnEnaMsx w2k0UxSLktBNObnO/M6VKs1g+m FlCA4FHkkWMYGOlx+mgL7AZK5Ex kcwHbtWrewugdeIXpAoFmgP3qz+ MSSqoNIRjrXu+l5ggw8owwum80k 81TTCZ4BHtWSqxoDrIFqnn6MIqQ xTFyj5p0EL9vZFhofVMhHYyz6hX vVz8z+ulJroJMiaT1FBJloeilCM To7wCNGSKEsNnlmCimM2KyBgrTI wtqmJL8Fe/vE7al3Xfq/v3V9VGr aijDGdwDjXw4RoacAdNaAEBBc/w Cm/Ok/PivDsfy9GSU+ycwh84nz8 7A5Lk</latexit><latexit sha1_ base64="Y/v5pKidBA8AJhq+orF nXDRCdFw=">AAAB9XicbVDLSgMx FL1TX7W+Rl26CRahqzIjgi4Lblx WsA9ox5JJM21okhmSTKUM/Q83Lh Rx67+482/MtLPQ1gOBwzn3ck9Om HCmjed9O6WNza3tnfJuZW//4PDI PT5p6zhVhLZIzGPVDbGmnEnaMsx w2k0UxSLktBNObnO/M6VKs1g+m FlCA4FHkkWMYGOlx+mgL7AZK5Ex kcwHbtWrewugdeIXpAoFmgP3qz+ MSSqoNIRjrXu+l5ggw8owwum80k 81TTCZ4BHtWSqxoDrIFqnn6MIqQ xTFyj5p0EL9vZFhofVMhHYyz6hX vVz8z+ulJroJMiaT1FBJloeilCM To7wCNGSKEsNnlmCimM2KyBgrTI wtqmJL8Fe/vE7al3Xfq/v3V9VGr aijDGdwDjXw4RoacAdNaAEBBc/w Cm/Ok/PivDsfy9GSU+ycwh84nz8 7A5Lk</latexit><latexit sha1_ base64="Y/v5pKidBA8AJhq+orF nXDRCdFw=">AAAB9XicbVDLSgMx FL1TX7W+Rl26CRahqzIjgi4Lblx WsA9ox5JJM21okhmSTKUM/Q83Lh Rx67+482/MtLPQ1gOBwzn3ck9Om HCmjed9O6WNza3tnfJuZW//4PDI PT5p6zhVhLZIzGPVDbGmnEnaMsx w2k0UxSLktBNObnO/M6VKs1g+m FlCA4FHkkWMYGOlx+mgL7AZK5Ex kcwHbtWrewugdeIXpAoFmgP3qz+ MSSqoNIRjrXu+l5ggw8owwum80k 81TTCZ4BHtWSqxoDrIFqnn6MIqQ xTFyj5p0EL9vZFhofVMhHYyz6hX vVz8z+ulJroJMiaT1FBJloeilCM To7wCNGSKEsNnlmCimM2KyBgrTI wtqmJL8Fe/vE7al3Xfq/v3V9VGr aijDGdwDjXw4RoacAdNaAEBBc/w Cm/Ok/PivDsfy9GSU+ycwh84nz8 7A5Lk</latexit>
Mimp
<latexit sha1_ base64="Q7L5vMOErfewXpHGqlP RKK9Pv6s=">AAAB9XicbVDLSgMx FL1TX7W+qi7dBIvQVZkRQZcFN26 ECvYB7VgyaaYNTTJDklHK0P9w40 IRt/6LO//GzHQW2nogcDjnXu7JC WLOtHHdb6e0tr6xuVXeruzs7u0f VA+POjpKFKFtEvFI9QKsKWeStg0 znPZiRbEIOO0G0+vM7z5SpVkk7 80spr7AY8lCRrCx0sPtcCCwmSiR MhHPh9Wa23BzoFXiFaQGBVrD6td gFJFEUGkIx1r3PTc2foqVYYTTeW WQaBpjMsVj2rdUYkG1n+ap5+jMK iMURso+aVCu/t5IsdB6JgI7mWXU y14m/uf1ExNe+SmTcWKoJItDYcK RiVBWARoxRYnhM0swUcxmRWSCFS bGFlWxJXjLX14lnfOG5za8u4tas 17UUYYTOIU6eHAJTbiBFrSBgIJn eIU358l5cd6dj8VoySl2juEPnM8 f+ruSuw==</latexit><latexit sha1_ base64="Q7L5vMOErfewXpHGqlP RKK9Pv6s=">AAAB9XicbVDLSgMx FL1TX7W+qi7dBIvQVZkRQZcFN26 ECvYB7VgyaaYNTTJDklHK0P9w40 IRt/6LO//GzHQW2nogcDjnXu7JC WLOtHHdb6e0tr6xuVXeruzs7u0f VA+POjpKFKFtEvFI9QKsKWeStg0 znPZiRbEIOO0G0+vM7z5SpVkk7 80spr7AY8lCRrCx0sPtcCCwmSiR MhHPh9Wa23BzoFXiFaQGBVrD6td gFJFEUGkIx1r3PTc2foqVYYTTeW WQaBpjMsVj2rdUYkG1n+ap5+jMK iMURso+aVCu/t5IsdB6JgI7mWXU y14m/uf1ExNe+SmTcWKoJItDYcK RiVBWARoxRYnhM0swUcxmRWSCFS bGFlWxJXjLX14lnfOG5za8u4tas 17UUYYTOIU6eHAJTbiBFrSBgIJn eIU358l5cd6dj8VoySl2juEPnM8 f+ruSuw==</latexit><latexit sha1_ base64="Q7L5vMOErfewXpHGqlP RKK9Pv6s=">AAAB9XicbVDLSgMx FL1TX7W+qi7dBIvQVZkRQZcFN26 ECvYB7VgyaaYNTTJDklHK0P9w40 IRt/6LO//GzHQW2nogcDjnXu7JC WLOtHHdb6e0tr6xuVXeruzs7u0f VA+POjpKFKFtEvFI9QKsKWeStg0 znPZiRbEIOO0G0+vM7z5SpVkk7 80spr7AY8lCRrCx0sPtcCCwmSiR MhHPh9Wa23BzoFXiFaQGBVrD6td gFJFEUGkIx1r3PTc2foqVYYTTeW WQaBpjMsVj2rdUYkG1n+ap5+jMK iMURso+aVCu/t5IsdB6JgI7mWXU y14m/uf1ExNe+SmTcWKoJItDYcK RiVBWARoxRYnhM0swUcxmRWSCFS bGFlWxJXjLX14lnfOG5za8u4tas 17UUYYTOIU6eHAJTbiBFrSBgIJn eIU358l5cd6dj8VoySl2juEPnM8 f+ruSuw==</latexit><latexit sha1_ base64="Q7L5vMOErfewXpHGqlP RKK9Pv6s=">AAAB9XicbVDLSgMx FL1TX7W+qi7dBIvQVZkRQZcFN26 ECvYB7VgyaaYNTTJDklHK0P9w40 IRt/6LO//GzHQW2nogcDjnXu7JC WLOtHHdb6e0tr6xuVXeruzs7u0f VA+POjpKFKFtEvFI9QKsKWeStg0 znPZiRbEIOO0G0+vM7z5SpVkk7 80spr7AY8lCRrCx0sPtcCCwmSiR MhHPh9Wa23BzoFXiFaQGBVrD6td gFJFEUGkIx1r3PTc2foqVYYTTeW WQaBpjMsVj2rdUYkG1n+ap5+jMK iMURso+aVCu/t5IsdB6JgI7mWXU y14m/uf1ExNe+SmTcWKoJItDYcK RiVBWARoxRYnhM0swUcxmRWSCFS bGFlWxJXjLX14lnfOG5za8u4tas 17UUYYTOIU6eHAJTbiBFrSBgIJn eIU358l5cd6dj8VoySl2juEPnM8 f+ruSuw==</latexit>
M˙env
<latexit sha1_base64="ZIHHn u/PdT3tQFrW9RDZjbmHAG0=">AAAB/XicbVDLSgMxFL1TX7W+6mPnJ liErsqMCLosuHEjVLAPaIchk2ba0ExmSDKFOgz+ihsXirj1P9z5N2b aWWjrgcDhnHuTk+PHnClt299WaW19Y3OrvF3Z2d3bP6geHnVUlEhC2 yTikez5WFHOBG1rpjntxZLi0Oe0609ucr87pVKxSDzoWUzdEI8ECxj B2khe9WQwjHR6l3mDEOuxDFMqpplXrdkNew60SpyC1KBAy6t+mWtIE lKhCcdK9R071m6KpWaE06wySBSNMZngEe0bKnBIlZvO02fo3ChDFET SHKHRXP29keJQqVnom8k8o1r2cvE/r5/o4NpNmYgTTQVZPBQkHOkI5 VWgIZOUaD4zBBPJTFZExlhiok1hFVOCs/zlVdK5aDh2w7m/rDXrRR 1lOIUzqIMDV9CEW2hBGwg8wjO8wpv1ZL1Y79bHYrRkFTvH8AfW5w9z QZXG</latexit><latexit sha1_base64="ZIHHn u/PdT3tQFrW9RDZjbmHAG0=">AAAB/XicbVDLSgMxFL1TX7W+6mPnJ liErsqMCLosuHEjVLAPaIchk2ba0ExmSDKFOgz+ihsXirj1P9z5N2b aWWjrgcDhnHuTk+PHnClt299WaW19Y3OrvF3Z2d3bP6geHnVUlEhC2 yTikez5WFHOBG1rpjntxZLi0Oe0609ucr87pVKxSDzoWUzdEI8ECxj B2khe9WQwjHR6l3mDEOuxDFMqpplXrdkNew60SpyC1KBAy6t+mWtIE lKhCcdK9R071m6KpWaE06wySBSNMZngEe0bKnBIlZvO02fo3ChDFET SHKHRXP29keJQqVnom8k8o1r2cvE/r5/o4NpNmYgTTQVZPBQkHOkI5 VWgIZOUaD4zBBPJTFZExlhiok1hFVOCs/zlVdK5aDh2w7m/rDXrRR 1lOIUzqIMDV9CEW2hBGwg8wjO8wpv1ZL1Y79bHYrRkFTvH8AfW5w9z QZXG</latexit><latexit sha1_base64="ZIHHn u/PdT3tQFrW9RDZjbmHAG0=">AAAB/XicbVDLSgMxFL1TX7W+6mPnJ liErsqMCLosuHEjVLAPaIchk2ba0ExmSDKFOgz+ihsXirj1P9z5N2b aWWjrgcDhnHuTk+PHnClt299WaW19Y3OrvF3Z2d3bP6geHnVUlEhC2 yTikez5WFHOBG1rpjntxZLi0Oe0609ucr87pVKxSDzoWUzdEI8ECxj B2khe9WQwjHR6l3mDEOuxDFMqpplXrdkNew60SpyC1KBAy6t+mWtIE lKhCcdK9R071m6KpWaE06wySBSNMZngEe0bKnBIlZvO02fo3ChDFET SHKHRXP29keJQqVnom8k8o1r2cvE/r5/o4NpNmYgTTQVZPBQkHOkI5 VWgIZOUaD4zBBPJTFZExlhiok1hFVOCs/zlVdK5aDh2w7m/rDXrRR 1lOIUzqIMDV9CEW2hBGwg8wjO8wpv1ZL1Y79bHYrRkFTvH8AfW5w9z QZXG</latexit><latexit sha1_base64="ZIHHn u/PdT3tQFrW9RDZjbmHAG0=">AAAB/XicbVDLSgMxFL1TX7W+6mPnJ liErsqMCLosuHEjVLAPaIchk2ba0ExmSDKFOgz+ihsXirj1P9z5N2b aWWjrgcDhnHuTk+PHnClt299WaW19Y3OrvF3Z2d3bP6geHnVUlEhC2 yTikez5WFHOBG1rpjntxZLi0Oe0609ucr87pVKxSDzoWUzdEI8ECxj B2khe9WQwjHR6l3mDEOuxDFMqpplXrdkNew60SpyC1KBAy6t+mWtIE lKhCcdK9R071m6KpWaE06wySBSNMZngEe0bKnBIlZvO02fo3ChDFET SHKHRXP29keJQqVnom8k8o1r2cvE/r5/o4NpNmYgTTQVZPBQkHOkI5 VWgIZOUaD4zBBPJTFZExlhiok1hFVOCs/zlVdK5aDh2w7m/rDXrRR 1lOIUzqIMDV9CEW2hBGwg8wjO8wpv1ZL1Y79bHYrRkFTvH8AfW5w9z QZXG</latexit>
Tc ⇡ Tb
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Figure 2. Schematic of atmospheric mass loss following a giant impact. In the left panel, an impactor with mass Mimp strikes a planet
of mass Mp at impact velocity vimp. The planet has a core mass of Mc ≈ Mp and envelope mass Menv = f Mp . In the middle panel, heat
from the impact has inflated the envelope so that it loses mass through a Parker wind at its outer radius Rout = min (RB, RH ). Mass
loss and cooling cause the envelope to contract, eventually halting appreciable atmospheric loss. At right, the planet is left to continue
cooling with a significantly reduced envelope.
2.1.1 Core model
The planets we are considering are young (10−100 Myr) and
have significant H/He envelopes. This allows them to retain
significant heat from their formation so that the basal tem-
perature of the envelope is &2000 K, higher than the melting
point of silicates. We therefore assume the core is undiffer-
entiated, fully molten with no solid insulating crust, and
that heat is efficiently transferred between the core and the
base of the envelope so that the base temperature and core
temperature are the same (Tb ≈ Tc).
Adiabatic profiles of terrestrial planet interiors show
changes in temperature of a factor of only a few over changes
in depth of thousands of kilometers (Katsura et al. 2010), so
we approximate the core as isothermal with an energy
Ec ∼ cV,cMcTc , (12)
where cV,c ∼ 5 − 10 × 102 J kg−1 K−1 is the specific heat of
the core (Alfe` et al. 2001; Guillot et al. 1995; Lopez et al.
2012). Finally, we adopt Rc/R⊕ = (Mc/M⊕)1/4 as the core
mass-radius relationship (e.g. Valencia et al. 2006).
2.2 Envelope evolution
After an impact the envelope is inflated, enabling enhanced
mass loss. As the envelope cools and contracts, the density
at the outer radius (Rout) drops, quenching the mass loss.
The thermal evolution of the envelope is driven by both
radiation and the loss of energy through mass loss (Owen &
Wu 2016; Ginzburg et al. 2016, 2018). The mass loss rate is
approximately
ÛMenv ≈ −4piR2outρoutcs, (13)
where cs =
√
γkBT/µ is the sound speed. Raising a gas parcel
from the outer envelope to infinity requires a corresponding
change in the envelope’s energy,
ÛEenv,m ≈ GMc
ÛMenv
Rout
. (14)
The planet also cools radiatively, with an approximate lumi-
nosity given by combining the equations of flux conservation
and hydrodynamic equilibrium at the RCB:
ÛEenv,L = −Lrcb = −∇ad
64piσT3rcbGMcµ
3κRρrcbkB
, (15)
where σ is the Stefan-Boltzmann constant and κR is the
Rosseland mean opacity of the envelope at the RCB. We
adopt a value of κR = 0.1 cm2 g−1 which is an appropri-
ate approximation for the temperatures and conditions we
expect at the RCB (Freedman et al. 2008).
Combining the equations describing the envelope and
core energies (Equations 9, 11, and 12) yields the total en-
ergy E = Eg + Eth + Ec , which evolves by ÛE = ÛEenv,m + ÛEenv,L.
The core mass is fixed and the envelope mass diminishes ac-
cording to Equation (13). As described in Section 2.1, the
envelope structure is entirely determined by its mass and
the energy of the system, so these equations are sufficient
to describe the combined thermal and mass loss evolution of
the planet (Figure 3).
3 MASS LOSS FROM GIANT IMPACTS
Giant impacts during late planetary accretion can signif-
icantly alter the atmosphere of a nascent super-Earth.
A large impact generates a shockwave which propagates
through the planet, causing global ground motion which can
immediately eject a fraction of the envelope (e.g. Schlichting
et al. 2015). Additionally, the impactor delivers significant
energy to the planet, heating the core, which in turn heats
the envelope. The thermally inflated envelope can then be
vulnerable to hydrodynamic escape and lose mass rapidly.
Focusing on the thermal component of the mass loss, we
derive analytical estimates for both the time-scale of atmo-
spheric loss and the impactor mass required to remove the
atmosphere entirely. We then verify these estimates and ex-
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Figure 3. Examples of the evolution of the mass, base temper-
ature, and radiative-convective boundary location of a H/He en-
velope for a planet with Mc = 3M⊕, Rc = 1.32R⊕, a = 0.1 au,
f = 2 per cent, and a range of initial base temperatures, Tb,0.
The green, orange, and blue lines correspond, respectively, to ini-
tial base temperatures of 2000, 6000, and 10000 K. The solid and
dashed lines correspond to envelope mass fractions of f = 2 and
12 per cent.
plore a range of parameters using the numerical model de-
scribed in Section 2.
3.1 Analytical estimates
If an impactor delivers enough energy, a planet’s gaseous
envelope can be entirely removed. The energy required de-
pends on the relative shares of the envelope and core in
the energy budget of the planet. Using Equation (12) for
the core’s energy and taking Eenv ∼ NkBTc/(γ−1) as the ap-
proximate thermal energy of the envelope, the envelope mass
fraction marking the transition between the core-dominated
and envelope-dominated regimes for a H/He envelope is
fb =
(
kB
(γ − 1)µcV,c + 1
)−1
≈ 0.08, (16)
where µ = 2.34 u is the mean molecular weight of the enve-
lope, γ = 7/5, and cV,c = 750 J K−1 kg−1.
In the limit where the core energy dominates ( f  fb),
the envelope will be entirely lost when the temperature at
the base of the envelope is so high that gas molecules do not
remain gravitationally bound; equivalently, when the Bondi
radius equals the core radius. Using the previously adopted
core mass-radius relationship, Rc/R⊕ = (Mc/M⊕)1/4, the re-
quired core temperature for complete loss is
Tc =
2GMcµ
γkBRc
(17)
≈ 25, 000 K ×
(
Mc
M⊕
)3/4 ( µ
2.34 u
) ( 7/5
γ
)
.
The energy delivered by the impactor is Eimp = ηMimpv2imp/2,
where η ∈ [0, 1] is the fraction of the total impact energy
available for heating the core and envelope. Assuming an
impact velocity vimp ∼ vesc, the energy is then
Eimp ∼ ηMimp
GMp
Rc
. (18)
The corresponding impactor mass, neglecting the initial
temperature of the core, is
Mimp ∼
2µcV,c
ηγkB
Mc (19)
∼ 2
ηγ(γc − 1)
µ
µc
Mc
where, in the second expression, µc and γc are the core’s
mean molecular weight and adiabatic index. For core-
dominated energy budgets, the impactor mass required
for atmospheric loss is approximately determined by the
envelope-to-core mean molecular weight ratio, making H/He
envelopes particularly susceptible to removal. For an impact
efficiency η ∼ 1, total atmospheric loss is predicted by
Equation (19) at Mimp ∼ 0.3Mc .
When the starting temperature of the core is compa-
rable to the ejection temperature, then the impactor only
needs to deliver enough energy to raise the core temper-
ature ∆T = Tc − T0. The corrected impactor mass is then
given by multiplying the right-hand side of Equation (19)
by ∆T/Tc . In the case of recently formed super-Earths which
still retain significant heat from formation, ∆T may be small,
so that complete atmospheric loss may occur for lower im-
pactor masses.
When the core’s share of the energy budget can be ne-
glected to first order ( f  fb), then the envelope can be
ejected when Eimp + Eenv = 0. Approximating the envelope
energy as −GMenvMc/Rc , an impactor mass of
Mimp ∼ 1 − f
η
Menv =
f
η
Mc (20)
is required to eject the whole atmosphere. Equivalently, for
an efficiency η ∼ 1, the impactor mass must be comparable
to the mass of the envelope.
3.1.1 Partial atmospheric loss
For impacts which do not immediately eject the planetary
envelope, significant mass loss is still possible. Taking the
mass loss rate (Equation 13) and the exponential density
MNRAS 000, 1–10 (2018)
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Figure 4. Estimated mass loss time-scale (τloss) as a function
of impactor mass (Mimp/Mc) for a range of H/He envelope mass
fractions ( f ). The initial planet has Mc = 3M⊕, Rc = 1.32R⊕,
Tb,0 = 2000 K, a = 0.1 au.
profile in the outer isothermal region (Equation 5), the mass
loss time-scale, τloss is
τloss ∼ Menv/ ÛMenv
=
Menv
4piR2outcsρrcb
exp
[
Rrcb
h
(
1 − Rrcb
Rout
)]
(21)
=
Menv
4piR2
B
csρrcb
exp
[
γ
2
(
RB
Rrcb
− 1
)]
,
when Rout is the Bondi radius, RB, and
τloss ∼
Menv
4piR2
H
csρrcb
exp
[
γ
2
(
RB
Rrcb
− RB
RH
)]
when Rout is the Hill radius, RH . The exponential depen-
dence on Rrcb/Rout indicates that the mass loss time-scale is
highly sensitive to changes in the location of the radiative-
convective boundary relative to either the Bondi or Hill
radius. Therefore, modest changes in the impactor mass,
which determines the new atmospheric base temperature,
and hence Rrcb, and the semimajor axis, which determines
Rout, will strongly affect the mass loss rate (Figure 4).
From Equation (21), the condition for short mass loss
time-scales is Rout ∼ Rrcb, which yields a temperature re-
quirement of
Tc = Teq
[
1 +
(
RB
Rc
− RB
Rout
) (1 − f )(γ − 1)
2
]
, (22)
and an impactor mass of
Mimp =
1 − f
η
∇ad
cV,cµ
kB
(
Rc
Rrcb,0
− Rc
Rout
)
Mc , (23)
where the zero subscript indicates the value prior to impact.
For planets with Mc = 3M⊕, a = 0.1 au, and Tb,0 = 2000 K (as
in Figure 4) the impactor must raise the core temperature
to ∼104 K for rapid loss, corresponding to an impactor mass
of ∼0.15M⊕, or ∼0.05Mc .
Short mass loss time-scales are therefore predicted at
much lower impactor masses than required for complete loss
by Equation (19). As the envelope sheds mass, it cools, so
whether the mass loss can proceed until the envelope is com-
pletely lost depends on the relationship of the cooling and
mass loss time-scales. For planets with core-dominated en-
ergy budgets, the reservoir of energy provided by the core
can maintain the envelope in an inflated state, so that rapid
mass loss can continue. Since the total energy E ∼ Ec ,
the base temperature of the envelope will remain roughly
Tc ∼ Ec/(cV,cMc) even as the envelope is lost. In these
cases near total atmospheric loss is expected at the impactor
masses predicted by Equation (23).
3.2 Results
To determine the mass loss in a range of impact scenar-
ios and verify our analytical results, we perform numeri-
cal integrations of the equations of envelope evolution (Sec-
tion 2.2) for a variety of planetary parameters and im-
pactors. We define the total mass loss fraction, X, as the
fraction of the envelope’s mass lost after 2 Gyr of integra-
tion. By 2 Gyr after the impact, contraction of the envelope
will have substantially reduced the mass loss rate, so that
any additional loss is negligible (Figure 3). Unless otherwise
stated, we assume a sunlike star, a core with Mc = 3M⊕,
Rc/R⊕ = (Mc/M⊕)1/4 = 1.32R⊕, and a pre-impact core tem-
perature of Tc,0 = 2000 K. We assume the H/He envelope has
µ = 2.34 u and γ = 7/5, with an atmospheric base tempera-
ture that is determined by the core temperature, Tb,0 = Tc,0.
We consider a range of semimajor axes and envelope mass
fractions, and impactor masses ranging from approximately
0.01−0.5M⊕. We assume that, initially, all the impact energy
goes into heating the core, corresponding to an efficiency
of η = 1.0. Additionally, we assume an impact velocity of
vimp = vesc. The first assumption is an overestimate, while
the second is likely an underestimate. We discuss the impli-
cations of these parameter choices in Section 3.3.
For the reference case, we take a = 0.1 au and inves-
tigate envelope mass fractions ranging from f = 0.5−12
per cent. The final mass loss for these scenarios is shown
in Figure 5. We find that atmospheric loss is remarkably
efficient. Specifically, depending on f , impactor masses of
∼0.1−0.4M⊕, or ∼0.03−0.13Mc , are sufficient to completely
remove the envelope. For comparison, we include in Figure 5
the approximate loss caused by hydrodynamic shocks from
Schlichting et al. (2015) assuming the same impact veloc-
ity (vimp = vesc).1 For this size impactor, the hydrodynamic
escape caused by thermal expansion is significantly more im-
portant than found in previous studies of the shock-induced
losses (Inamdar & Schlichting 2016, 2015; Schlichting et al.
2015).
The higher efficiency of thermal atmospheric loss com-
pared to shock-induced losses can be intuitively under-
stood as follows. For the shock launched by the impactor
to completely remove the envelope, the impact has to de-
liver enough energy and momentum for the ground velocity
resulting from the shock as it emerges at the antipode to
be comparable to the escape velocity of the planet (for a
1 The expression here broadly reproduces the results from a more
thorough treatment (Inamdar & Schlichting 2015, 2016) and is
sufficiently accurate for our purposes.
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Figure 5. Mass fraction of H/He envelope lost (X) as a func-
tion of impactor mass (Mimp/Mc) for a planet with Mc = 3M⊕,
Rc = 1.32R⊕, Tb,0 = 2000 K, a = 0.1 au, and a range of enve-
lope mass fractions ( f ). Square and circular marks at X = 1 show
the analytically derived impactor mass required for total mass
loss from Equations (23) and (20) for core- and envelope- dom-
inated energy budgets, respectively. The black dashed line indi-
cates the atmospheric envelope loss from shocks during the impact
(Schlichting et al. 2015, Equation (33)) assuming vimp ∼ vesc.
rough estimate see Equation 28 in Schlichting et al. 2015).
For vimp = vesc, this requires impactor masses comparable to
the target mass. In contrast, when considering atmospheric
losses from the thermal heating of the envelope after the im-
pact, the impact only needs to heat the core to temperatures
that yield thermal velocities of the atmosphere sufficient for
loss. For H/He atmospheres, this requires less energetic im-
pacts than needed for shock induced volatile loss (Equations
19 and 20).
We find rough agreement between our analytical esti-
mates for the required impactor mass (Equations 20 and
23) and our numerical results. In general, our approximate
values underestimate the required impactor mass because
they are derived for the limiting cases where the energy of
the envelope or core can be ignored to first order. In reality,
the impact energy goes into both the thermal expansion of
the envelope and heating the core. Including both the finite
core and envelope masses by normalizing the impact energy
by the envelope energy and core energy deficit, Eenv + ∆Ec ,
we find that the normalized energy required for atmospheric
loss is similar across all envelope mass fractions, as shown in
Figure 6. The envelope energy is calculated from Equations
(9) and (11) and ∆Ec is the energy required to heat the core
to the temperature in Equation (22).
The analytical expressions overestimate the impactor
mass for complete loss in one case: planets on close (a .
0.1 au) orbits with low-mass envelopes. Close-in planets have
relatively small Bondi/Hill radii and, because of their higher
equilibrium temperatures, larger exponential scale heights
(h ∝ teq). As a consequence, the effect of the exponential
decrease in atmospheric density is less severe at the outer
radius, and rapid mass loss is possible with lower impactor
masses.
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1%
<latexit sha1_base64="Dp/5zadpqCfVrAo/wbyUlOXld rg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJFPRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHrx+dVCuuDV3AbJOvJxUIEdzUP7qD2OWRigNE1Trnucmxs+oMpwJnJX6qcaEsgkdYc9SSSPUfrY4dUaqVhm SMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL6 6R9VfPcmndfrzQu8ziKcAbncAEeXEMD7qAJLWAwgmd4hTdHOC/Ou/OxbC04+cwp/IHz+QOCGo00</latexit><latexit sha1_base64="Dp/5zadpqCfVrAo/wbyUlOXld rg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJFPRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHrx+dVCuuDV3AbJOvJxUIEdzUP7qD2OWRigNE1Trnucmxs+oMpwJnJX6qcaEsgkdYc9SSSPUfrY4dUaqVhm SMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL6 6R9VfPcmndfrzQu8ziKcAbncAEeXEMD7qAJLWAwgmd4hTdHOC/Ou/OxbC04+cwp/IHz+QOCGo00</latexit><latexit sha1_base64="Dp/5zadpqCfVrAo/wbyUlOXld rg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJFPRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHrx+dVCuuDV3AbJOvJxUIEdzUP7qD2OWRigNE1Trnucmxs+oMpwJnJX6qcaEsgkdYc9SSSPUfrY4dUaqVhm SMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL6 6R9VfPcmndfrzQu8ziKcAbncAEeXEMD7qAJLWAwgmd4hTdHOC/Ou/OxbC04+cwp/IHz+QOCGo00</latexit><latexit sha1_base64="Dp/5zadpqCfVrAo/wbyUlOXld rg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJFPRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHrx+dVCuuDV3AbJOvJxUIEdzUP7qD2OWRigNE1Trnucmxs+oMpwJnJX6qcaEsgkdYc9SSSPUfrY4dUaqVhm SMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL6 6R9VfPcmndfrzQu8ziKcAbncAEeXEMD7qAJLWAwgmd4hTdHOC/Ou/OxbC04+cwp/IHz+QOCGo00</latexit>
2%
<latexit sha1_base64="rCTsYQzzROpX9qUOry0boeKxe XY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBylJEfRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHur96qBccWvuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx6oxUrTI kYaxsSUMW6u+JjEZaT6PAdkbUjPWqNxf/83qpCW/8jMskNSjZclGYCmJiMv+bDLlCZsTUEsoUt7cSNqaKMmPTKdkQvNWX1 0m7XvPcmnd/VWlc5nEU4QzO4QI8uIYG3EETWsBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8weDoI01</latexit><latexit sha1_base64="rCTsYQzzROpX9qUOry0boeKxe XY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBylJEfRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHur96qBccWvuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx6oxUrTI kYaxsSUMW6u+JjEZaT6PAdkbUjPWqNxf/83qpCW/8jMskNSjZclGYCmJiMv+bDLlCZsTUEsoUt7cSNqaKMmPTKdkQvNWX1 0m7XvPcmnd/VWlc5nEU4QzO4QI8uIYG3EETWsBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8weDoI01</latexit><latexit sha1_base64="rCTsYQzzROpX9qUOry0boeKxe XY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBylJEfRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHur96qBccWvuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx6oxUrTI kYaxsSUMW6u+JjEZaT6PAdkbUjPWqNxf/83qpCW/8jMskNSjZclGYCmJiMv+bDLlCZsTUEsoUt7cSNqaKMmPTKdkQvNWX1 0m7XvPcmnd/VWlc5nEU4QzO4QI8uIYG3EETWsBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8weDoI01</latexit><latexit sha1_base64="rCTsYQzzROpX9qUOry0boeKxe XY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBylJEfRY8OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M79zhMqzWP5aKYJ+h EdSR5yRo2VHur96qBccWvuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx6oxUrTI kYaxsSUMW6u+JjEZaT6PAdkbUjPWqNxf/83qpCW/8jMskNSjZclGYCmJiMv+bDLlCZsTUEsoUt7cSNqaKMmPTKdkQvNWX1 0m7XvPcmnd/VWlc5nEU4QzO4QI8uIYG3EETWsBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8weDoI01</latexit>
5%
<latexit sha1_base64="SKvUK5nU3Mmu5lki9E9VsRJaJ 88=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJKHosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBw OO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I /oUIlQMIpWerjqVfvliltz5yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SqlU GJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzxM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV 0nroua5Ne/+slI/z+Mowgmcwhl4cA11uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w+IMo04</latexit><latexit sha1_base64="SKvUK5nU3Mmu5lki9E9VsRJaJ 88=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJKHosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBw OO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I /oUIlQMIpWerjqVfvliltz5yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SqlU GJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzxM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV 0nroua5Ne/+slI/z+Mowgmcwhl4cA11uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w+IMo04</latexit><latexit sha1_base64="SKvUK5nU3Mmu5lki9E9VsRJaJ 88=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJKHosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBw OO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I /oUIlQMIpWerjqVfvliltz5yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SqlU GJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzxM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV 0nroua5Ne/+slI/z+Mowgmcwhl4cA11uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w+IMo04</latexit><latexit sha1_base64="SKvUK5nU3Mmu5lki9E9VsRJaJ 88=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJKHosePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBw OO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I /oUIlQMIpWerjqVfvliltz5yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SqlU GJIy1LYVkrv6eyGhkzCQKbGdEcWSWvZn4n9dNMbzxM6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWXV 0nroua5Ne/+slI/z+Mowgmcwhl4cA11uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w+IMo04</latexit>
8%
<latexit sha1_base64="N41OKLLcrBpGNUVCYb2vQZcsm EI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJCPZY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB /RkRKhYBSt9FDvVwfliltzFyDrxMtJBXI0B+Wv/jBmacQVMkmN6Xlugn5GNQom+azUTw1PKJvQEe9ZqmjEjZ8tTp2RqlW GJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMaz7mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL6 6R9VfPcmnd/XWlc5nEU4QzO4QI8uIEG3EETWsBgBM/wCm+OdF6cd+dj2Vpw8plT+APn8weMxI07</latexit><latexit sha1_base64="N41OKLLcrBpGNUVCYb2vQZcsm EI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJCPZY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB /RkRKhYBSt9FDvVwfliltzFyDrxMtJBXI0B+Wv/jBmacQVMkmN6Xlugn5GNQom+azUTw1PKJvQEe9ZqmjEjZ8tTp2RqlW GJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMaz7mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL6 6R9VfPcmnd/XWlc5nEU4QzO4QI8uIEG3EETWsBgBM/wCm+OdF6cd+dj2Vpw8plT+APn8weMxI07</latexit><latexit sha1_base64="N41OKLLcrBpGNUVCYb2vQZcsm EI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJCPZY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB /RkRKhYBSt9FDvVwfliltzFyDrxMtJBXI0B+Wv/jBmacQVMkmN6Xlugn5GNQom+azUTw1PKJvQEe9ZqmjEjZ8tTp2RqlW GJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMaz7mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL6 6R9VfPcmnd/XWlc5nEU4QzO4QI8uIEG3EETWsBgBM/wCm+OdF6cd+dj2Vpw8plT+APn8weMxI07</latexit><latexit sha1_base64="N41OKLLcrBpGNUVCYb2vQZcsm EI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LJaCBymJCPZY8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDg cd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB /RkRKhYBSt9FDvVwfliltzFyDrxMtJBXI0B+Wv/jBmacQVMkmN6Xlugn5GNQom+azUTw1PKJvQEe9ZqmjEjZ8tTp2RqlW GJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMaz7mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL6 6R9VfPcmnd/XWlc5nEU4QzO4QI8uIEG3EETWsBgBM/wCm+OdF6cd+dj2Vpw8plT+APn8weMxI07</latexit>
10%
<latexit sha1_base64="r219IMNXDhAGRXrZLqEWXuWa+ f0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBkPAg4RdEfQY8OIxgnlAsoTZyWwyZB7LzKwQlvyCFw+KePWHvPk3ziZ70MSCh qKqm+6uKOHMWN//9kobm1vbO+Xdyt7+weFR9fikY1SqCW0TxZXuRdhQziRtW2Y57SWaYhFx2o2md7nffaLaMCUf7Syhoc BjyWJGsM2lwB/Uh9Wa3/AXQOskKEgNCrSG1a/BSJFUUGkJx8b0Az+xYYa1ZYTTeWWQGppgMsVj2ndUYkFNmC1unaO6U0Y oVtqVtGih/p7IsDBmJiLXKbCdmFUvF//z+qmNb8OMySS1VJLlojjlyCqUP45GTFNi+cwRTDRztyIywRoT6+KpuBCC1ZfXS eeqEfiN4OG61rws4ijDGZzDBQRwA024hxa0gcAEnuEV3jzhvXjv3seyteQVM6fwB97nD/BTjW4=</latexit><latexit sha1_base64="r219IMNXDhAGRXrZLqEWXuWa+ f0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBkPAg4RdEfQY8OIxgnlAsoTZyWwyZB7LzKwQlvyCFw+KePWHvPk3ziZ70MSCh qKqm+6uKOHMWN//9kobm1vbO+Xdyt7+weFR9fikY1SqCW0TxZXuRdhQziRtW2Y57SWaYhFx2o2md7nffaLaMCUf7Syhoc BjyWJGsM2lwB/Uh9Wa3/AXQOskKEgNCrSG1a/BSJFUUGkJx8b0Az+xYYa1ZYTTeWWQGppgMsVj2ndUYkFNmC1unaO6U0Y oVtqVtGih/p7IsDBmJiLXKbCdmFUvF//z+qmNb8OMySS1VJLlojjlyCqUP45GTFNi+cwRTDRztyIywRoT6+KpuBCC1ZfXS eeqEfiN4OG61rws4ijDGZzDBQRwA024hxa0gcAEnuEV3jzhvXjv3seyteQVM6fwB97nD/BTjW4=</latexit><latexit sha1_base64="r219IMNXDhAGRXrZLqEWXuWa+ f0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBkPAg4RdEfQY8OIxgnlAsoTZyWwyZB7LzKwQlvyCFw+KePWHvPk3ziZ70MSCh qKqm+6uKOHMWN//9kobm1vbO+Xdyt7+weFR9fikY1SqCW0TxZXuRdhQziRtW2Y57SWaYhFx2o2md7nffaLaMCUf7Syhoc BjyWJGsM2lwB/Uh9Wa3/AXQOskKEgNCrSG1a/BSJFUUGkJx8b0Az+xYYa1ZYTTeWWQGppgMsVj2ndUYkFNmC1unaO6U0Y oVtqVtGih/p7IsDBmJiLXKbCdmFUvF//z+qmNb8OMySS1VJLlojjlyCqUP45GTFNi+cwRTDRztyIywRoT6+KpuBCC1ZfXS eeqEfiN4OG61rws4ijDGZzDBQRwA024hxa0gcAEnuEV3jzhvXjv3seyteQVM6fwB97nD/BTjW4=</latexit><latexit sha1_base64="r219IMNXDhAGRXrZLqEWXuWa+ f0=">AAAB63icbVDLSgNBEOyNrxhfUY9eBkPAg4RdEfQY8OIxgnlAsoTZyWwyZB7LzKwQlvyCFw+KePWHvPk3ziZ70MSCh qKqm+6uKOHMWN//9kobm1vbO+Xdyt7+weFR9fikY1SqCW0TxZXuRdhQziRtW2Y57SWaYhFx2o2md7nffaLaMCUf7Syhoc BjyWJGsM2lwB/Uh9Wa3/AXQOskKEgNCrSG1a/BSJFUUGkJx8b0Az+xYYa1ZYTTeWWQGppgMsVj2ndUYkFNmC1unaO6U0Y oVtqVtGih/p7IsDBmJiLXKbCdmFUvF//z+qmNb8OMySS1VJLlojjlyCqUP45GTFNi+cwRTDRztyIywRoT6+KpuBCC1ZfXS eeqEfiN4OG61rws4ijDGZzDBQRwA024hxa0gcAEnuEV3jzhvXjv3seyteQVM6fwB97nD/BTjW4=</latexit>
12%
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Figure 6. Mass fraction of H/He envelope lost (X) as a function
of normalized impactor energy for a planet with Mc = 3M⊕, Rc =
1.32R⊕, Tb,0 = 2000 K, a = 0.1 au, and a range of envelope mass
fractions ( f ). The impactor energy is normalized to the sum of the
envelope energy (Eenv), calculated from Equations (9) and (11),
and the energy required to heat the core to the temperature in
Equation (22) (∆Ec).
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Figure 7. Mass fraction of H/He envelope lost (X) as a func-
tion of impactor mass (Mimp/Mc) for a planet with Mc = 3M⊕,
Rc = 1.32R⊕, Tb,0 = 2000 K, f = 2 or 12 per cent, and a range of
orbital radii (a). Square and circular marks at X = 1 show the an-
alytically derived impactor mass required for total mass loss from
Equations (23) and (20) for core- and envelope- dominated energy
budgets, respectively. The black dashed line indicates the atmo-
spheric envelope loss from shocks during the impact (Schlichting
et al. 2015, Equation (33)) assuming vimp ∼ vesc.
As a planet’s orbital separation increases, Rout (RH or
RB) also increases so that an impact can inflate the enve-
lope without leading to significant mass loss. As shown in
Figure 7, this increases the impactor mass required to initi-
ate significant atmospheric loss substantially, but does not
dramatically change the impactor mass required for com-
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Figure 8. Mass fraction of H/He envelope lost (X) as a func-
tion of impactor mass (Mimp/Mc) for a planet with Mc = 3M⊕,
Rc = 1.32R⊕, Tb,0 = 2000 K, a = 0.5 au, and a range of enve-
lope mass fractions ( f ). Square and circular marks at X = 1 show
the analytically derived impactor mass required for total mass
loss from Equations (23) and (20) for core- and envelope- dom-
inated energy budgets, respectively. The black dashed line indi-
cates the atmospheric envelope loss from shocks during the impact
(Schlichting et al. 2015, Equation (33)) assuming vimp ∼ vesc.
plete loss. As a result, the impactor mass required to initiate
loss becomes closer to the mass required for complete ejec-
tion, and the range of impactor masses producing interme-
diate results shrinks, so that most impacts produce binary
outcomes–either complete loss or no loss (Figures 7 and 8).
While this binarity is more pronounced at greater or-
bital separations, even at a = 0.1 au the range of impactor
masses producing partial envelope loss is relatively narrow.
The difference between negligible and total atmospheric loss
for a given planet is typically a factor of ∼2−4 in impactor
mass, depending on the envelope mass. Regardless of orbital
distance, lower mass envelopes have a narrower range of in-
termediate outcomes and are more likely to entirely lose or
retain their envelopes (Figures 5, 7, and 8).
3.3 Importance of parameter choices and model
assumptions
In the results presented here, we have assumed certain prop-
erties for the impact scenario and impacted super-Earth.
We test the effect of changing γ, Tb,0, and Mc to determine
the sensitivity of our results to our choice of parameters for
the target super-Earth (Figure 9). Dissociation of molecular
hydrogen in the accreting and cooling envelopes of super-
Earths and mini-Neptunes can result in values of γ < 4/3,
typically ranging from 1.2−1.3 (Lee et al. 2014; Lee & Chiang
2015; Inamdar & Schlichting 2016). We, therefore, repeated
our simulations with a value of γ = 1.3 instead of 7/5. This
modifies the density profile of the envelope (see Equation
1) and increases its heat capacity, causing the envelope to
receive a larger share of the impact energy. The net effect
is a marginal improvement in the efficiency of atmospheric
removal.
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Figure 9. Mass fraction of H/He envelope lost (X) as a func-
tion of impactor mass (Mimp/Mc) under multiple scenarios. The
reference scenario is in blue and corresponds to Mc = 3M⊕,
Rc = 1.32R⊕, a = 0.5 au, f = 5 per cent, Tb,0 = 2000 K, and
γ = 7/5. In orange, Tb,0 → 6000 K, in green γ → 1.3, and in red
Mc → 5M⊕, while all other parameters match the reference case.
Changes in the base temperature and core mass produce
results consistent with expectations from Equations (20) and
(23). Increasing the base temperature of the envelope signif-
icantly reduces the impact energy (mass) required to inflate
the envelope to the point of atmospheric loss. And, at a fixed
f , increasing the core mass slightly increases the required
impactor-to-core mass ratio (Mimp/Mc) for complete loss.
This is because increasing the core mass expands the outer
radius while shrinking the portion of the envelope which is
convective, resulting in a greater exponential drop in the at-
mospheric density at the outer radius (RB or RH ) and higher
impactor masses to achieve significant atmospheric loss.
We also examine the sensitivity to changes in the im-
pact scenario. In our default scenario, we have conservatively
taken vimp = vesc. This is valid, however, only in the case of
zero relative motion between the planet and the impactor
when they are widely separated. Accounting for this motion
yields v2imp = v
2
esc + v
2∞, where a realistic value for the initial
relative motion in the final stages of terrestrial planet for-
mation is v∞ ≈ vesc (Wetherill 1976; O’Brien et al. 2006).
The result is a doubling of the impact energy expected from
a particular event, corresponding to achieving the same at-
mospheric loss with half the impactor mass.
Conversely, the assumption that η = 1, i.e. that all of the
impact energy is available for heating the core and envelope,
yields an upper bound on the thermal atmospheric mass loss.
In a real impact, the impact energy is divided into potential,
kinetic, and internal energy according the details of the col-
lision. Only the internal energy is available for heating, and
only a portion of that internal energy will be converted to
heat, with some energy lost to other processes, such as phase
transitions. Models of a range of Moon-forming impact sce-
narios suggest that after the shock and decompression phase,
40−60 per cent of the impact energy is left in internal energy
(Carter et al. 2018). Taking a heating efficiency of η ∼ 0.5
as typical, then the thermal energy of the impact is roughly
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half what we have assumed above, and the impactor mass
required to produce those effects must be doubled. Impacts
which do not result in mergers deposit less energy in the
target, resulting in even lower values of η. These events can
be common in environments which are dynamically excited
(v∞ & vesc) (e.g. Asphaug 2010). But, two bodies which ex-
perience such a collision are likely to re-encounter one an-
other, ultimately resulting in an accretionary impact where
the bulk of the impact energy is deposited in the target.
The impact velocity and heating efficiency of the impact
set the total energy available to power the thermal atmo-
spheric loss, and therefore strongly affect the final outcome.
The results presented here, which are equivalent to a choice
of v∞ ∼ vesc and η ∼ 0.5, are representative of typical out-
comes up to a factor of a few. The range of typical outcomes,
however, is large and a factor of ∼2−4 change in the ther-
mal energy can make the difference between negligible and
complete atmospheric loss (Figure 6).
4 DISCUSSION AND CONCLUSIONS
We have shown that the thermal expansion of a H/He en-
velope after a giant impact can lead to a period of rapid
mass loss which can substantially erode the atmosphere. We
find that, for impactors with a mass ∼10 per cent of the
planet mass, this mechanism can reduce the envelope mass
by ∼50−100 per cent. For planets where the thermal energy
of the core is much greater than the envelope energy, the
impactor mass required for significant atmospheric removal
is Mimp/Mc ∼ µ/µc ∼ 0.1. This result is only weakly depen-
dent on the atmospheric mass fraction. In contrast, when
the envelope energy dominates the total energy budget, the
impactor mass required to remove the envelope increases
with the envelope mass fraction, Mimp ∝ Menv. In all cases,
however, we find that for H/He envelopes the thermal loss
mechanism significantly exceeds the immediate atmospheric
loss from impact-generated shocks, which only yields a loss
fraction of ∼10 per cent for ∼0.1Mp mass impactors (e.g.
Inamdar & Schlichting 2016).
Our analysis does not include the effect of hydrogen out-
gassing from the interior of the planet, either directly from
the magma ocean or through volcanism, which may act to
buffer the atmospheric loss (Chachan & Stevenson 2018). We
also neglect additional atmospheric mass loss through XUV
photoevaporation, which will be enhanced for these planets
as a result of their inflated envelopes. The mass loss reported
here will, therefore, be an underestimate, though the effect
of photoevaporation will be less important for planets with
larger semimajor axes (Owen & Wu 2017).
The addition of the thermal component of impact-
driven atmospheric loss may help to explain the observed
diversity in planetary compositions, particularly for planets
on orbits outside ∼45 days, where photoevaporation and core
cooling are less effective, or in systems where neighboring
planets display large density contrasts. Systems of super-
Earths are expected to undergo a phase of giant impacts
after the dispersal of the gas disc, roughly 10−100 Myr af-
ter their initial formation (Cossou et al. 2014; Izidoro et al.
2017). Inamdar & Schlichting (2016) show that the atmo-
spheric loss due to mechanical shocks caused by impacts
between similarly-sized bodies can change a planet’s bulk
density by a factor of 2−3. They suggest this process as
an explanation for the observed diversity in planetary bulk
density. We show that the thermal component of the im-
pact should dominate the atmospheric loss of these plan-
ets, greatly enhancing the efficiency of atmospheric strip-
ping from impacts. This is especially the case for these im-
pacts because, at an age of 10−100 Myr, the planetary cores
should still retain significant heat from their formation, re-
ducing the impact energy needed to inflate the envelope. Our
results suggest that a single large (∼0.1Mp) impact is suffi-
cient to remove a H/He atmosphere entirely. Assuming the
envelope has a thickness comparable to the core radius, so
that Rp ∼ 2Rc (e.g. Lopez & Fortney 2014; Ginzburg et al.
2016), complete atmospheric loss would result in a factor of
∼8 change in the bulk density.
Atmospheric mass loss is sensitive to the details of
the impact scenario (Section 3.3). Because these details are
stochastic, and because the post-disc instability produces a
small number of giant impacts per system (Izidoro et al.
2017), impact-driven mass loss may therefore naturally ex-
plain the observed diversity of super-Earth densities.
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